Tomato (Lycopersicon esculentum var. Better Boy) plants were transformed with a tomato leaf wound-inducible polygalacturonase (PG) ␤-subunit gene in the antisense orientation (PG␤S-AS) under the control of the cauliflower mosaic virus 35S promoter. The leaves of the transgenic plants exhibited small localized lesions, which eventually enlarged and spread throughout the entire surfaces of the leaves, resulting in cell death. The same lesions were also observed in the peduncle of developing flowers, extending to the whole flower causing abscission, resulting in a sterile phenotype. Leaves of transgenic plants exhibited elevated levels of PG activity, hydrogen peroxide, and enhanced defense signaling in response to wounding and elicitor treatment. The defense signaling increased was accompanied by an increased resistance toward tobacco hornworm (Manduca sexta) larvae. The cumulative results suggest that in the absence of the ␤-subunit protein in tomato leaves, an increase in PG activity occurred that led to an enhanced wound response, the formation of lesions leading to severe necrosis, and an abscission of developing flowers.
The controlled degradation of plant cell wall matrices by polygalacturonases (PGs) can initiate various physiological processes in plants, including fruit ripening (Handfiel and Bennett, 1998) , leaf and flower abscission (Kalaitzis et al., 1997) , pod dehiscence (Petersen et al., 1996) , pollen maturation (Pressey, 1991), cell expansion (Sitrit et al., 1999) , nitrogen fixation (Muñ oz et al., 1998) , and defense gene activation (Ryan and Farmer, 1991; Albersheim et al., 1992) . In tomato (Lycopersicon esculentum) fruit, where PG enzymes have been studied in most detail, the catalytic PG (PGcat) is transcriptionally activated at the onset of ripening (Grierson et al., 1987; DellaPenna et al., 1996; Handfiel and Bennett, 1998) , and both the mRNA and protein accumulate to high levels (Brady et al., 1982; DellaPenna et al., 1987 DellaPenna et al., , 1989 . The enzyme is tightly associated with ancillary glycoproteins that are collectively called ␤-subunits (Mosrefi and Luh, 1983; Knight et al., 1988; DellaPenna et al., 1996) . The ␤-subunit proteins have molecular weights of 37 to 39 kD and are comprised almost entirely of tandem 14-amino acid repeats (Zheng et al., 1992; DellaPenna et al., 1996) . In ripening fruit, a ␤-subunit protein can alter the enzyme activity of PGcat, but the mode of interaction with the enzyme is not known. The protein has been proposed to interact with PGcat to inhibit its catalytic activity or to prevent access of the enzyme to cell wall pectins (Zheng et al., 1992; Watson et al., 1994; DellaPenna et al., 1996) . The level of PGcat produced in tomato fruit has been associated in vivo with the level of ␤-subunit protein that is present (Giovannoni et al., 1989; DellaPenna et al., 1990; Pogson et al., 1991) .
During an investigation of defense gene expression in leaves of tomato plants in response to wounding and systemin, a PGcat mRNA and a PGcat regulatory ␤-subunit mRNA, were found to increase (Bergey et al., 1999) . The PGcat gene represents a new subfamily of PG, and the wound-inducible ␤-subunit gene is identical to a ␤-subunit homolog (Zheng et al., 1992) previously thought to be a pseudo-gene (DellaPenna et al., 1996) .
The temporal expression patterns of the tomato leaf PGcat gene and ␤-subunit gene differ from those found in fruit. In fruit, ␤-subunit gene expression occurs just preceding the onset of ripening and then ceases, coinciding with an increase in PGcat gene expression (DellaPenna et al., 1996) . In leaves, the PGcat gene is expressed within 1 h after wounding and maximizes at about 6 to 9 h (Bergey et al., 1999) . The ␤-subunit gene is weakly expressed in leaves until about 3 to 4 h after wounding, then increases by 9 h to high levels. PG activity does not correspond to the PGcat gene expression but decreases at about 9 h as the PGcat mRNA is maximally expressed, suggesting that the synthesis of the ␤-subunit is modulating PGcat activity (Bergey et al., 1999) .
The identification of wound-inducible PGcat activity in leaves provided evidence for a new interpretation of wound-induced defense signaling events in tomato leaves (Bergey et al., 1999; Orozco-Cárdenas et al., 2001) . The signaling pathway now includes a role for wound-inducible (and jasmonic acid [JA]-inducible) PGcat in producing oligogalacturonides (OGAs) from cell walls that act as signals for the induction of late expressed defense genes (OrozcoCárdenas et al., 2001) . OGAs are known elicitors of hydrogen peroxide (H 2 O 2 ) generation in plants, leading to defense gene activation (Low and Merida, 1996; Lamb and Dixon, 1997; Bolwell, 1999; OrozcoCárdenas and Ryan, 1999) . A set of early woundinducible signal pathway-associated genes are expressed in response to systemin and JA, whereas a set of late defense-associated genes are activated by H 2 O 2 (Orozco-Cárdenas et al., 2001) . Woundinducible PG activity coincided with the early signaling-associated genes and appears to play a role in releasing pectic fragments that induce H 2 O 2 for late gene expression. The synthesis of the ␤-subunit appears to play a role in negatively regulating PGcat and late gene expression.
We report herein that transformation of tomato plants with an antisense ␤-subunit gene results in an increase of PGcat activity resulting in increased levels of H 2 O 2 in the leaves and the potentiation of late defense gene expression. Expression of the antisense ␤-subunit gene also results in leaf lesion formation leading to cell death and an early flower abscission precluding fruit development. These results support our hypothesis that the expression of the ␤-subunit gene in tomato leaves plays an important role in regulating PGcat activity in tomato plants that is associated with both defensive and developmentally related processes.
RESULTS

PG␤S-AS Plants Exhibit a Necrotic Leaf-Sterile Phenotype
Two groups of 12 plants were transformed with either a vector harboring the wound-inducible PG ␤-subunit cDNA in the antisense orientation (called the PG␤S-AS gene) or an empty vector. The expression of the PG␤S-AS gene in leaves of regenerated plants was confirmed by gene-blot analyses using a full-length ␤-subunit cDNA (Bergey et al., 1999) . Figure 1 shows mRNA-blot analyses of a wild-type tomato plant used as a control and four independent transformants (TA1, TA2, TA3, and TA4) that were selected to demonstrate the variability in expression of the antisense gene. The PG␤S-AS transformants exhibited an abnormal phenotype (Fig. 2) , with lesions forming on the upper surfaces of young expanding leaves near the veins and on the abaxial surface (Fig. 2, C-F) . The lesions, with time, covered extensive areas of the leaf blade and led to cell death (Fig. 2E ). Lesions were also observed in the peduncle of developing flowers, extending to the whole flower, causing abscission (Fig. 2F) . As a consequence, no fruit could be obtained from any of the transgenic antisense plants.
Transgenic PG␤S-AS plants were maintained by pruning and clonal propagation (Hu and Wang, 1983; Wang and Arntzen, 1991) . To confirm that the symptoms were not pathological in origin, PG␤S-AS plants were propagated by standard shoot tip culture methods to obtain pathogen-free plants (Styer and Chin, 1984) . Plants that were generated from apical shoot meristems were transferred to soil and grown to full maturity in a controlled environment for 17 h under a light intensity of 300 E m Ϫ2 s Ϫ 1 at 28°C and for 7 h in darkness at 18°C. Similar lesions were found in the regenerated PG␤S-AS plants. Furthermore, classical attempts to grow and/or isolate known pathogens from the lesions by classical methods were unsuccessful (data not shown).
To facilitate uniformity among comparative analyses performed with transformants and wild-type plants, all the PG activities and H 2 O 2 , proteinase inhibitor, and mRNA analyses were performed with symptomatic leaves before the appearance of necrotic lesions (compare with Fig. 2 , C and D).
Constitutive Expression of the PG␤S-AS Transgene Increases PG Activity in Tomato Leaves
The PG ␤-subunit has been proposed to play a role in regulating PG activity in tomato fruit (DellaPenna et al., 1996) and in wounded tomato leaves (Bergey et al., 1999) . To assess the effects of the constitutive expression of the PG␤S-AS gene on PG activity in tomato leaves, PG activity was assayed in leaves of mature plants before and after wounding. Total soluble protein was extracted, partially purified, and assayed for PG activity with time. The basal levels of PG activity found in the leaves of TA2, TA3, and TA4 transgenic plants were much higher than found in the wild-type control leaves or in the TA1 plants (Fig. 3) The PG activity that was induced by wounding in leaves of TA2, TA3, and TA4 were much higher than Figure 1 . RNA-blot analysis showing the expression of antisense PG ␤-subunit mRNA in leaves of wild-type (WT) and transgenic (TA) tomato plants. Twenty micrograms of total leaf RNA was isolated from 6-to 8-week-old tomato leaves, separated by electrophoresis, and transferred to nylon membranes and exposed to film as described in "Materials and Methods." The PG ␤-subunit mRNA was identified using a full-length ␤-subunit cDNA clone. Each lane corresponds to an independently transformed line.
Orozco-Cárdenas and Ryan in leaves of the wild-type or TA1 plants, with maximal activity occurring in all cases at about 4 h (Fig. 3 ).
PG␤S-AS Plants Exhibit Elevated Constitutive and Wound-Inducible Levels of H 2 O 2
To investigate whether the symptomatic leaves of the antisense plants were accumulating H 2 O 2 corresponding to the increases in PG activity, the 3,3-diaminobenzidine (DAB) colorimetric assay was used to visually detect the presence of H 2 O 2 in the leaves. In excised leaves from wild-type and transgenic antisense plants that had imbibed a 1 mg mL Ϫ1 solution of DAB for 1 h, a visual DAB-H 2 O 2 reaction product accumulated only at sites on the transgenic plants where necrotic lesions were developing (Fig.  4A ). The DAB stain was heavier in the lesions developing in the abaxial side of the transgenic leaves indicated that the lesions were associated with the accumulation of high levels of H 2 O 2 . Because it is known that wounding activates the synthesis of H 2 O 2 in tomato leaves, the levels of H 2 O 2 in both unwounded and wounded leaves of the transgenic plants were measured by means of a quantitative fluorometric assay. The levels are compared with those of similarly treated wild-type plants in Figure  4B . The basal levels of H 2 O 2 in untreated transgenic leaves that have developed necrotic symptoms were from about 1 to 4 mol g Ϫ1 leaf tissue, compared with about 0.2 mol g Ϫ1 tissue in the wild-type controls. Four hours after wounding, the levels of H 2 O 2 in leaves of both wild-type and antisense plants reached maximum levels that were several times higher than in the leaves of wild-type plants (Fig. 4B ).
PG␤S-AS Plants Exhibit Constitutive Expression of Wound-Inducible Defensive Genes
Over 20 wound-inducible defensive genes have been identified in tomato leaves (Bergey et al., 1996) . The genes fall into two categories: early expressed genes that are associated with the signaling pathway itself and later expressed genes that are directly related to defense and that have been shown to be associated with an increase in H 2 O 2 in leaves (Orozco-Cárdenas et al., 2001 ). The possibility that the H 2 O 2 produced by the expression of the PG␤S-AS gene might be activating the expression of woundinducible genes was investigated by gel-blot analyses. Total RNA isolated from young leaves exhibiting small lesions was analyzed for the wound-inducible expression of four of the early genes including allene oxide synthase, lipoxygenase, prosystemin, and PGcat, and three of the late genes including inhibitor I (Inh I), Inh II, and carboxypeptidase inhibitor (CPI). At time 0, low levels of mRNAs encoding for all the early and late genes could be detected in leaves of unwounded antisense plants but not in the leaves from wild-type plants. The mRNA levels of early genes in both wild-type and antisense plants had typically increased within 1 h after wounding (Fig.  5A) . However, the three late genes were strongly expressed in the transgenic plants at 1 h, in contrast to their expression at 4 h in wild-type plants (Fig. 5B) . These genes were even more strongly expressed at 4 h in the antisense plants.
To determine if the apparently large increases in proteinase inhibitor mRNAs in response to wounding were accompanied by similar increases in proteinase inhibitor proteins, the protein levels of one wound-inducible inhibitor, Inh I, was quantified in wounded leaves and upper, unwounded leaves of four transgenic tomato plants. The levels are compared with levels in leaves of wounded control plants in Figure 6 . Transgenic plants supplied with systemin, OGA, and JA through their cut stems also induced strikingly higher levels of Inh I protein over levels induced in leaves of wild-type control plants (Fig. 7) .
PG␤S-AS Transgenic Plants Exhibit Increased Resistance toward Tobacco Hornworm (Manduca sexta) Larvae
Transgenic tomato plants constitutively expressing high levels of defense-related proteins had been shown previously to be more resistant to insect attacks than wild-type tomato plants (OrozcoCárdenas et al., 1993; McGurl et al., 1994; Howe et al., 1996; Li et al., 2002) . To determine if the PG␤S-AS plants that induce high levels of defense gene expression when wounded would have an increased resistance to chewing insects, newly hatched tobacco hornworm larvae were allowed to feed on leaves excised from both PG␤S-AS and wild-type plants. The leaves from PG␤S-AS plants were young expanding leaves that exhibited localized lesions but had not become necrotic. The leaves were replaced daily with leaves from the same developmental stage with only localized lesions. Figure 8 shows that the weights of larvae fed on leaves from different PG␤S-AS transgenic lines are 2 to 3 times smaller than the larvae fed on the wild-type leaves, indicating that the expression of the PG␤S-AS gene had enhanced the defense response of the plants toward the feeding larvae.
DISCUSSION
Among the wound-inducible genes in tomato leaves are those coding for a subfamily of PGcat enzymes and a novel PG ␤-subunit protein (DellaPenna et al., 1996; Bergey et al., 1999) . The PGcat gene in leaves is thought to play a role in signaling the activation of defense-related genes in response to herbivore and pathogen attacks by releasing OGA elicitors from plant cell walls and the production of Orozco-Cárdenas and Ryan tivity (DellaPenna et al., 1996) , the levels of its mRNA in leaves is initially very low (Bergey et al., 1999) . About 3 h after wounding tomato leaves, the mRNA levels of the ␤-subunit began to increase, when PGcat mRNA and enzyme activity are already rapidly increasing. The ␤-subunit mRNA levels continue to increases for 9 h, when the PGcat mRNA is maximal. At this time, a decrease in PG activity occurs, suggesting that the increased synthesis of the ␤-subunit protein is associated with the decreasing PGcat activity (Orozco-Cárdenas and Ryan, 1999) .
To further examine the role of the ␤-subunit in tomato leaves, tomato plants were transformed with the tomato leaf ␤-subunit gene in the antisense orientation, called PG␤S-AS. Gel blots from tomato antisense plants, shown in Figure 1 , confirmed that transformed plants exhibited increased levels of expression of the gene, compared with the wild type. Three transformants (TA2, TA3, and TA4) having the highest levels of expression of the PG␤S-AS gene were chosen for further study.
When growing the antisense plants to maturity, an early senescence-like appearance of the leaves was observed that was preceded by the formation of lesions on the upper and abaxial surfaces of the leaves (Fig. 2, C and D) . The lesions, with time, became extensive and led to cell death (Fig. 2E) . As the plants grew, the developing flowers also exhibited lesions that led to structural abnormalities (Fig. 2F ) and eventually resulted in flower abscission and a total absence of fruit. These abnormalities suggested that the suppression of synthesis of the ␤-subunit in leaves and flowers resulted in an increase in PGcat activity that led to a breakdown of the structural integrity of leaves and flowers. Because PG degrades pectin, the effects were thought to be caused by cell wall modification with the concomitant release of pectic fragments that can induce biological effects, such as the enhancement of defense gene expression (Albersheim et al., 1992; Farmer and Ryan, 1992 ). It appears that the antisense expression of the ␤-subunit gene in leaf and floral tissue has released a suppressed PGcat activity that has resulted in the abnormalities seen in Figure 2 . The elevated levels of PGcat activity in leaves of the antisense plants before and after wounding (Fig. 3) supports the hypothesis A, Terminal leaflet from a 6-to 8-weekold wild-type plant (left) and from a transgenic plant (right) were excised and vacuum infiltrated with a solution of DAB. After 1 h of stain development, the leaflets were photographed. B, Assays of H 2 O 2 levels in leaf extracts from 6-weekold wild-type plants and from transgenic tomato plants of similar age expressing the PG␤S-AS gene. Quantification of H 2 O 2 from extracts was performed as described in "Materials and Methods." Data are means Ϯ SD; n ϭ 6.
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Pectic fragments produced by PG are known to produce H 2 O 2 in both cultured cells and in intact leaves (Low et al., 1996; Orozco-Cárdenas and Ryan, 1999; Orozco-Cárdenas et al., 2001 ). Histochemical assays to identify H 2 O 2 in expanded leaves of the PG␤S-AS plants visualized the accumulation of H 2 O 2 in the lesions in the abaxial side of the leaves (Fig.  4A) . The presence of H 2 O 2 in the transgenic leaves was confirmed by directly measuring its concentrations in leaf extracts (Fig. 4B) . The elevated PGcat activity and H 2 O 2 levels in the PG ␤-subunit antisense plants were similar to levels found in plants transformed with the prosystemin gene associated with signaling of synthesis of defense genes (Orozco-Cárdenas and Ryan, 1999) . Leaves of antisense plants exhibited moderately elevated increases in mRNAs coding for both early and late signaling-associated genes over levels found in wild-type plants (0 time, Fig. 5 ). However, when wounded, the mRNA levels responded with kinetics that differed in two ways from wild-type plants. First, the early genes, including PGcat, were expressed within 1 h after wounding, as in wild-type plants, but then were maintained at higher levels 4 h after wounding (Fig. 5A ) and beyond. Second, the late genes responded as if they were early genes, with the mRNAs accumulating at 1 h after wounding instead of at 4 h as in wild-type plants, and increased to higher levels than in wild-type plants (Fig. 5B) . The rapid increases in late gene mRNAs were reflected in increases in proteinase Inh I and II proteins, which were elevated to much higher levels than could be induced in wild-type plants by wounding The induction of mRNAs of early and late wound-inducible defense genes in wild-type and PG␤S-AS transgenic tomato plants using RNA gel-blot analyses. Total leaf RNA was isolated from leaves, collected at the times indicated, and 20 g from each time period was separated by electrophoresis, transferred to nylon membranes, and exposed to film as described in "Materials and Methods." A, Membranes were probed for the induction of early expressed mRNAs using full-length cDNA clones for allene oxide synthase (AOS), lipoxygenase (LOX), Prosystemin (ProSYS), and PG catalytic subunit (PGcat). B, Membranes were probed with full-length cDNAs clones for proteinase Inh I, proteinase Inh II, and CPI. An 18S ribosomal RNA gene probe was used as a loading control. Figure 6 . Quantification of proteinase Inh I in expressed juice from leaves of wild-type and PG␤S-AS transgenic tomato plants. Leaf juice was expressed from 6-to 8-week-old tomato plants and assayed for proteinase Inh I content using immunological radial diffusion assays. Data are means Ϯ SD; n ϭ 6.
Orozco-Cárdenas and Ryan (Fig. 6) . The proteinase inhibitor proteins were also induced to higher levels in leaves of transgenic plants over those of wild-type plants when treated with systemin, OGA, and JA (Fig. 7) . These experiments indicated that the suppression of the ␤-subunit gene in tomato leaves was potentiating the induction of defense genes in response to wounding and elicitors.
The enhancement of the wound response in the PS␤S-AS plants was shown to be biologically relevant by demonstrating that they had developed an increased resistance against the herbivore tobacco hornworm. Larvae feeding on transgenic leaves with local lesions for several days were less than one-half the size of larvae feeding on leaves from wild-type plants (Fig. 8) . The increased resistance to tobacco hornworm larvae may be ascribed in large part to the rapid defense responses of the leaves (compare with Figs. 5 and 6) to insect feeding damage. The high levels of H 2 O 2 generated in the lesions by pectic fragments may also be a contributing factor to the increased resistance (Felton et al., 1994; OrozcoCárdenas et al., 2001) . It is also possible that in addition to defense proteins, the synthesis of compounds leading to necrosis may have been occurring that could have contributed to the reduced feeding by the insects.
In tomato plants transformed with the prosystemin gene, PGcat activity and H 2 O 2 are elevated constitutively in leaves (Orozco-Cárdenas and Ryan, 1999; Orozco-Cárdenas et al., 2001) . However, in these plants, lesions on leaves are not present, and flowering and fruit development appear normal. Thus, processes associated with the increased levels of PGcat and H 2 O 2 that are involved with necrosis, cell death, and flower abscission apparently are not activated in plants transformed with the prosystemin gene. The addition of OGA or H 2 O 2 to plant cells also does not cause necrosis (Lecourieux et al., 2002 ). It appears that the constitutive loss of the ␤-subunit in the tomato plants has, over time, perturbed complex interactions that are usually associated with pathogen attacks that result in necrosis and cell death.
The abnormal increase in PGcat activity resulting from the expression of an antisense ␤-subunit gene in tomato plants has revealed that the regulation of the levels of ␤-subunit protein in vivo may play an important role in regulating PGcat activity in tissues and organs of the plants.
MATERIALS AND METHODS
Plant Transformation
Tomato (Lycopersicon esculentum cv Better Boy hybrid VFN) plants were transformed with a tomato leaf wound-inducible PG ␤-subunit gene in the antisense orientation. The chimeric gene was composed of a ␤-subunit cDNA (Bergey et al., 1999) , under the control of the constitutive cauliflower mosaic virus 35S promoter, and terminated with the 3Ј region of the T 7 gene from Agrobacterium tumefaciens. An 1,800-bp fragment of the ␤-subunit cDNA was generated by restriction digestion with XhoI/BamHI and incorporated in its antisense orientation within the binary vector pART-27 (Gleave, 1992). The vector was introduced into A. tumefaciens LBA 4404, which was employed to transform tomato plants as described previously (Orozco-Cárdenas et al., 1993) . Kanamycin-resistant transgenic tomato plants transformed with an empty pART-27 vector bearing the npt-II gene were also produced as a plant transformation control.
RNA Isolation and Gel-Blot Hybridization
Total RNA was extracted from random leaves of wild-type (untransformed) and four antisense transgenic tomato plants. The leaves from 6-to 8-week-old tomato plants were frozen in liquid nitrogen ground to a fine powder and stored at Ϫ80°C. Total leaf RNA was extracted using the Trizol reagent (Gibco-BRL, Rockville, MD) following the manufacturer's recommendations. Total RNA pellets were dissolved in 25 L of RNase-free water and quantified spectrophotometrically. RNA quality was determined by gel fractionation in agarose/formaldehyde followed by ethidium bromide staining and UV visualization before analyzing for specific mRNAs (Sambrook et al., 1989) . Total leaf RNA (20 g) was fractionated by electrophoresis in 1.4% (w/v) agarose gels with formaldehyde, blotted onto nylon membranes, and incubated at 65°C for 1 h in hybridization buffer (5ϫ sodium chloride/sodium phosphate/EDTA [SSPE; pH 7.4], 5ϫ Denhardt's solution, 1% [w/v] SDS, and 10% [w/v] Dextran sulfate). Radioactive 32 P-dCTP-labeled probes were generated by random priming (DECA prime II kit, Ambion, Austin, TX) from tomato cDNAs encoding wound-inducible defense genes (Bergey et al., 1999) . The genes include Inh I (Graham et al., 1985a ), Inh II (Graham et al., 1985b , and CPI (Moura and Ryan, 2001 ). An 18S ribosomal RNA gene probe was used as a loading control. Synthetic oligonucleotide probes were purified using Bio-spin P6 chromatography columns (Bio-Rad, Hercules, CA). The probes were heat denatured, added to the hybridization buffer, and incubated with the blocked membranes overnight at 65°C. Membranes were washed once with 2ϫ SSPE for 20 min at room temperature, two to three times with 2ϫ SSPE and 1% (w/v) SDS for 15 to 30 min at 65°C, and then exposed for 15 to 32 h to x-ray film or to a PhosphorImager (Bio-Rad).
PG Assay
Extracts from leaves of wild-type and antisense transgenic tomato plants were prepared for PG assays as described previously (Bergey et al., 1999) . In brief, 20 g of leaves was homogenized using a Sorvall Omnimizer (Sorvall, DuPont, Wilmington, DE) in 60 mL of ice-cold 0.1 m sodium citrate buffer (pH 6.0), containing 1 m NaCl, 4 mm ascorbic acid, 5 mm dithiotreitol, 2% (w/v) polyvinylpyrrolidone, and 0.1% (w/v) bovine serum albumin. The extracts were filtered through four layers of cheesecloth, incubated at 4°C for 3 h, and centrifuged at 10,000g for 20 min at 4°C. Proteins were precipitated at 4°C by the slow addition of solid ammonium sulfate to a final concentration of 80% (w/v) and stirred for 1 h at 4°C. The precipitated proteins were recovered by centrifugation at 10,000g for 20 min at 4°C, and the pellet was resuspended in 20 mL of 1 m NaCl and dialyzed against 1 m NaCl at 4°C for 24 h. Total PG activity was determined by incubating aliquots equivalent to 0.1 g fresh weight in 1 mL of reaction mixture containing 0.2 m NaCl and 0.1% (w/v) poly-GalUA (pH 4.5, Sigma) at 37°C and measuring reducing sugars by the arsenomolybdate method (Nelson, 1944) . A unit of PG was defined as the amount that caused a 0.1 OD increase at 520 nm per 30 min at 37°C per 0.1 g fresh weight. All assays were repeated three times in duplicate.
Detection and Quantification of H 2 O 2
H 2 O 2 was detected cytochemically in the leaves of antisense transgenic tomato plants using the DAB technique, as previously described (OrozcoCárdenas and Ryan, 1999) . A 1 mg mL Ϫ1 solution of DAB (pH 4.5) was vacuum infiltrated into leaves of tomato plants at 25°C for 1 h; 1 h later, the developed color was photographed.
Quantification of H 2 O 2 was performed by the method of Rao et al. (2000) . Leaves from 6-to 8-week-old plants were frozen and ground to a powder under liquid nitrogen, incubated on ice for 5 min, and pelleted by centrifugation at 10,000g for 10 min at 4°C. The supernatant was adjusted to about pH 7.5 with 0.2 m NH 4 OH (pH 9.5) and briefly centrifuged at 3,000g for 2 min to sediment the insoluble material. Extracts were cleared by passing through columns of AG 1X-8 resin (ionic from chloride, Bio-Rad) followed by double-distilled water (Rao et al., 2000; Orozco-Cárdenas and Ryan, 2002) .
H 2 O 2 levels in the cleared extracts were quantified using an Amplex Red Hydrogen Peroxide Assay kit (Molecular Probes, Inc., Eugene, OR) following the manufacturer's recommendations. A 100-L aliquot of each extract was placed in a microplate well with an equal volume of a solution containing 1 unit mL Ϫ1 of horseradish peroxidase in 50 mm sodium phosphate buffer (pH 7.4) and incubated for 30 min at room temperature. Fluorescence was measured with a fluorescence microplate reader (Perkin-Elmer, Ltd., Beaconsfield, Buckinghamshire, UK), using an excitation of 560 Ϯ 5 nm and fluorescence emission of 590 Ϯ 5 nm. The concentration of H 2 O 2 in each sample was calculated using a standard curve obtained with known concentrations of pure H 2 O 2 .
Wounding and Elicitor Assays
Transformed plants were transferred to soil and analyzed for proteinase Inh I accumulation in the leaves in response to wounding and chemical elicitors four weeks later. The terminal leaflet of fully expanding leaves of control (wild type) and transgenic tomato plants were wounded twice with a hemostat across the midvein. Inh I protein levels in expressed leaf juice from wounded leaflets and from unwounded lateral leaflets from the same leaf were determined 24 h later.
To determine if Inh I protein could be induced by systemin and JA, leaves of wild-type and transgenic plants were excised with a razor blade at the base of the petiole and were allowed to imbibe a solution of systemin (25 nm) or JA (100 m) or 250 g mL Ϫ1 OGA for 30 min under light. The leaves were then transferred to vials with water and incubated 24 h at 25°C within plexiglas boxes under constant light (300 mE m Ϫ2 s Ϫ1 ). Proteinase inhibitors were quantified in expressed leaf extracts by radial immunoradial diffusion as described (Ryan, 1967; Trautman et al., 1971) .
Tobacco hornworm (Manduca sexta) Larvae Feeding Assays
Tobacco hornworm eggs and a hornworm artificial diet were obtained from Carolina Biological Supplies (Burlington, NC). The eggs were hatched as described by Howe et al. (1996) . Newly hatched larvae were provided with an artificial diet for 3 d, and first instar larvae of uniform weight (about 8 mg) were selected. Ten tobacco hornworm larvae were placed in petri dishes together with excised leaves from 8-week-old wild-type control and transgenic tomato plants. The larvae were allowed to feed on the leaves for 10 d while maintained in a controlled environment at 25°C with constant light of 300 mE m Ϫ2 s Ϫ1 ).
